ABSTRACT The alfalfa leafcutting bee, Megachile rotundata (F.), is a solitary, cavity-nesting bee and is the primary pollinator for alfalfa seed production. Bee management practices include cold storage during the prepupal stage. Fluctuating thermal regimes during cold storage increases survival of cold storage and allows a doubling of the cold storage period with no decrease in survival. However, survival, characterized as successful adult emergence, is not qualitative. In this study, we determined whether extended storage affects adult bee respiration or ßight physiology. We overwintered bees for a single winter (current management protocol) or for 12 mo longer (extended storage). We used resting and tethered ßight metabolic rates and resting critical PO 2 (the oxygen partial pressure below which metabolism can no longer be sustained) as indices of adult bee quality. We found no signiÞcant differences in body mass, resting or ßight metabolic rates, or critical PO 2 between the two groups. Together these data indicate that extended storage of M. rotundata produces bees of similar respiratory capacity and ßight ability. These Þndings could increase the use of M. rotundata as an alternative pollinator, allowing for extended storage to time adult emergence with early blooming crops.
The alfalfa leafcutting bee, Megachile rotundata (F.), is a solitary bee that is commonly managed for alfalfa seed (Medicago sativa L.) production (PittsÐSinger and Cane 2011) . Females nest in either naturally occurring crevices or artiÞcial nest material provided in alfalfa Þelds and construct a linear series of cells from leaf pieces that they provision with nectar and pollen. Once each cell is completed a single egg is laid and the cell is sealed. At the end of the growing season, the brood cells are taken from the Þeld, removed from the nesting material, and placed in storage (Stephen 1981 , Peterson et al. 1992 .
Under routine commercial management the brood will be stored under low-temperature regime until the following spring (current management protocol, CMP). Rinehart et al. (this issue) demonstrated that storage can be extended not only to the Þrst spring following the brood collection but through to the second growing season post brood collection (extended storage, ES). Although Rinehart et al. (this issue) demonstrate no reductions in survival and adult longevity following 19 mo of storage under a ßuctu-ating thermal regime (FTR) protocol, additional performance metrics, presumably more related to active ßight, foraging, and pollinating, are necessary. Furthermore, establishing quality control biomarkers to evaluate the effects of ES on the resulting adult bee physiology will provide a better understanding of how to optimize management protocols.
Female leafcutting bees spend Ϸ7.5 h constructing and provisioning each brood cell and most of this time is spent ßying (Klostermeyer and Gerber 1969) . Insect ßight metabolic rates are among the highest metabolic rates ever recorded (Harrison and Roberts 2000) . Because ßight metabolism is energetically so costly and relies on aerobic respiration (Harrison and Roberts 2000) , the tracheal system must be able to supply adequate oxygen. One index of an animalÕs tracheal system capacity is the critical partial pressure of oxygen (critical PO 2 ; Pc). This measure represents the partial pressure of oxygen (PO 2 ) below which metabolism cannot be sustained and indicates the safety margin for oxygen delivery. Insects are generally tolerant of hypoxia, with Pc values of Ͻ5 kPa (Wegener 1993 , Hoback and Stanley 2001 , Harrison et al. 2006 ). To our knowledge, only one study has investigated how variation in environmental conditions during development affects adult respiratory capacity. Adult Drosophila reared in hypoxia, normoxia, or hyperoxia showed no difference in Pc (Klok et al. 2010) . Interestingly in that study, adult male ßies reared in hyperoxia showed a trend toward having higher Pc for activity, suggesting that they were perhaps less tolerant of hypoxia. Using Pc as a biomarker, we investigate the effects of rearing condition on adult tracheal system function. Another potential biomarker is ßight physiology. Because of the central role of ßight in pollination and the possible inßuence by environmental factors on ßight physiology, this may likewise be a good performance-linked biomarker for investigating the effects of various management practices on pollinator quality.
To determine whether ES affects adult bee respiration or ßight physiology, we overwintered bees for a single winter (CMP) or for 12 mo longer (ES). We used resting and tethered ßight metabolic rates and resting Pc as indices of adult bee quality. We predicted that ES would result in a decrease in adult quality and performance, that is, higher Pc values or higher ßight metabolic rates.
Materials and Methods
Animals. Loose brood cells containing M. rotundata prepupae were purchased from JWM Leafcutter, Inc. (Nampa, ID) in the spring of 2009. For the CMP group, prepupae were maintained at 6ЊC in constant darkness for Ϸ8 Ð9 mo until adult development was initiated. For the ES group, prepupae were stored for 11 mo at 6ЊC in constant darkness, then, transferred to a ßuc-tuating thermal regime (FTR; base temperature of 6ЊC with a daily pulse up to 20ЊC for 1 h) for 7Ð 8 mo, for a total of 18 Ð19 mo of storage. To initiate adult development, loose cells were placed in 24 well plates (Greiner Bio-one, Monroe, NC) and incubated at 29ЊC until adult emergence. Humidity inside the incubator was maintained at 75% using a saturated NaCl solution.
After adults emerged, Ϸ20 Ð30 d after placement in 29ЊC, bees along with leaf capsules were moved to covered, plastic cups (258.7 ml, 92 mm diameter). The lid contained a feeding unit (Fig. 1A) made from an inverted glass culture tube (13 by 100 mm) Þlled with a 50% by volume sucrose solution. The open end of the tube was covered with folded squares of autoclaved muslin cloth and the tube was held in place with hot glue. Bees accessed the sugar solution by climbing up a piece of plastic screen (5.08 by 3.81 cm) secured to the muslin covered end of the tube with a rubber band. Bees were given fresh sugar solution every 3 d. Adult bees were reared at 29ЊC with 75% humidity and a photoperiod of 12:12 (L:D) h cycles. Sex, day of emergence, and storage duration were recorded after emergence.
Respirometry. Flow-through respirometry was used to measure CO 2 emission rates of bees during rest, ßight, and exposure to hypoxia at room temperature (26.8 Ϯ 0.61ЊC). Room air was dried and CO 2 was removed using a purge gas generator (Balston, Haverhill, MA). Flow rates were regulated using a mass ßow controller (MFC-4; Sable Systems, Inc., Las Vegas, NV) and mass ßow meters (Sierra Instruments, Monterey, CA). Voltage outputs from the CO 2 analyzer and mass ßow controller were digitized and recorded using Sable Systems hardware (UI2) and software (EXPEDATA version 1.4.16, Sable Systems, Inc.). All bees were weighed on an analytical balance (Mettler Toledo, Columbus, OH) before measurement of metabolic rate.
Resting Metabolic Measures. Resting metabolic rates were measured before ßight trials. Animals were allowed to acclimate to the chamber, an air-tight glass jar (471 ml, Kerr Jar, Daleville, IN) with the lid plumbed with metal barbed Þttings (one-eighth outside diameter), until respiration rates returned to normal and atmospheric CO 2 was washed out, typically 7Ð10 min. Bees were placed in the chamber along with their leaf capsule to discourage activity. CO 2 emission rates were recorded for 20 min in the dark. This did not affect our ability to detect CO 2 emission.
A mass ßow meter pushed air through the chamber at 250 ml/min. Expired CO 2 was measured using an infrared CO 2 -detector (Li-Cor 7000, Lincoln, NE), calibrated using a two-point calibration. Chamber baselines were recorded at the beginning and end of each experiment. Temperature and barometric pressure (kPa) were recorded daily.
Resting CO 2 emission rates (micromole per hour) were analyzed using Expedata software (version 1.4.16, Sable Systems, Inc.). The mean of the last 5 min of each animalÕs resting CO 2 emission was recorded. The beeÕs CO 2 emission rate was calculated by subtracting the average baseline parts per million CO 2 and then multiplying by the ßow rate (microliters per minute). Volumes of CO 2 were converted to micromole using the ideal gas constant (22.4 mol/l).
Tethered Flight. For the tethering process, bees were chilled at 6ЊC for Ϸ5 min to inhibit movement. We used a previously described method of sling-tethering (Hrncir et al. 2008) . Brießy, bees were lassoed with a strand of polyester thread placed around the cervix and threaded through a blunt-edged 18-gauge hypodermic needle (25.4 Ð30.48 by 38 mm; Fig. 1B ). The needle attached to a luer lock glued to the inside of the chamber lid. Bees were placed in the respirometry chamber after tethering, and the animal was allowed to reacclimate to the chamber for 10 min, while the chamber was ßushed with dry, CO 2 -free air by the mass ßow meter at 1,250 ml/min. Before ßight, bees were allowed to rest on a moveable stage, constructed from a barbed, elbow tubing connector and Tygon tubing (Fig. 1B) . Bees were stimulated to ßy when the stage was removed from the tarsi. Tethered ßight CO 2 emission rates were recorded for three ßight bouts per bee. A ßight bout was determined to occur if the bee displayed normal ßight behavior; front legs tucked underneath the body and back legs splayed outward from the body. During a ßight bout, bees that did not display these characteristics or exhibited aberrant behaviors, such as kicking, were omitted. Flight bouts were indicated in the data Þle using keyboard markers during the respirometry trials. To determine a beeÕs ßight metabolic rate, we averaged the CO 2 emission rate (parts per million) from three ßight bouts. The average ßight bout lasted 63.92 Ϯ 14 s. CO 2 emission rates were calculated as above.
Determination of Critical PO 2 . We measured CO 2 emission of adult bees in response to decreasing levels of atmospheric oxygen. Gases were mixed using a mass ßow controller and two mass ßow meters (0 Ð500 ml/ min range) diluting dry, CO 2 -free air with N 2 . Bees were exposed to normoxia Þrst and then to each of the hypoxic gas mixes (15, 10, 8, 6, 5, 3 , 2, 1, and 0% O 2 ). Gases were pushed through the respirometry chamber, a 3 ml plastic syringe cut to Þt into the activity detector (AD-1, Sable Systems, Inc.) at a total ßow rate of 200 ml/min. Bees were exposed to each gas mix for 10 min.
Mean CO 2 emission at each PO 2 was recorded from Expedata software (version 1.4.16, Sable Systems, Inc.). CO 2 emission rate was calculated at each PO 2 as described above. Pc was determined as previously described (Greenlee and Harrison 2004) . Brießy, we compared 95% CIs of the CO 2 emission at each PO 2 level to the CO 2 emission of the previous and subsequent PO 2 levels. A PO 2 level was deemed the Pc, if the mean CO 2 emission at that PO 2 was 1) lower than the mean CO 2 emission at the next higher PO 2 level, 2) lower than the mean CO 2 emission across all the higher PO 2 levels, and 3) not higher than the CO 2 emission at any of the lower PO 2 levels.
Statistical Analyses. Means ϮSEM are presented throughout. Data were analyzed using IBM SPSS Statistics software (version 19, IBM, New York, NY). CO 2 emission rates were log-transformed before statistical analysis to equalize variances among groups, and we present untransformed means in Þgures for ease of interpretation. Means of log-transformed, resting, and ßight CO 2 emission rates were compared using repeated measures analysis of variance (RMÐANOVA), because each animal was measured at rest and during ßight. Storage duration was the between subjects factor, and body mass was used as a covariate. Because we had unequal numbers of male and female bees in the storage treatments (Table 1) , we were unable to test for interactions between sex and storage duration. To test for any effects of sex and age after emergence on metabolic rates, data from the two storage treatments were pooled. RMÐANOVA was used to determine whether means of males and females differed, using activity as the within subjects factor, sex as the between subjects factor, and mass and age as covariates. CO 2 emission rates in decreasing atmospheric oxygen were also compared using RMÐANOVA, using oxygen as the within subjects factor and storage duration as the between subjects factors. Pc was compared using a general linear model with storage duration as a factor and body mass as a covariate. Linear regressions were performed to determine mass-scaling coefÞcients of ßight and resting CO 2 emission rates and Pc. StudentÕs t-test was used to compare mean body masses between the two storage treatments. All data were checked for normality and homogeneity of variances, and P values Ͻ0.05 were considered to be signiÞcantly different.
Results
Resting and Flight Metabolic Rates. Bees exhibited cyclic gas exchange during the rest, and this pattern disappeared during ßight (Fig. 2) . Body mass did not vary with storage duration, but females were 60% larger than males (Table 1 ; t ϭ 2.74; df ϭ 11; P ϭ 0.02). Storage duration had no effect on absolute (F 1,10 ϭ 3.179; P ϭ 0.10) or mass-speciÞc (F 1,10 ϭ 3.35; P ϭ 0.10) CO 2 emission rates (Table 2 ; Fig. 3 ). Flight metabolic rates were 13-fold higher than resting metabolic rates (Fig. 3 ). Because storage duration had no effect on metabolic rates, data were pooled to test for effects of age after adult emergence and sex. Days after adult emergence had no effect on resting or ßight metabolic rates (absolute: F 1,9 ϭ 0.04, P ϭ 0.85; massspeciÞc F 1,9 ϭ 0.58, P ϭ 0.46). In addition, despite a difference in body mass between males and females, there was no signiÞcant effect of sex on absolute (F 1,9 ϭ 0.05; P ϭ 0.84) or mass-speciÞc (F 1,9 ϭ 0.04; P ϭ 0.85) metabolic rates. Because there were no signiÞcant effects of storage duration or sex on metabolic rates, all the data were pooled together to estimate mass scaling coefÞcients. There was a signiÞcant effect of mass on absolute ßight metabolic rate ( Fig. 4 ; F 1,12 ϭ 9.04; P ϭ 0.01). There was no signiÞcant linear relationship between mass and resting metabolic rate ( Fig. 4 ; F 1,12 ϭ 3.65; P ϭ 0.08).
Critical PO 2 . As atmospheric oxygen decreased, bees continued respiration down to the Pc of 4 Ϯ 0.004 (Figs. 5 and 6) . At the Pc, activity increased (green line, Fig. 5 ). Below the Pc, CO 2 emission decreased and activity ceased (Fig. 5) . Atmospheric oxygen affected absolute metabolic rate ( Fig. 6 ; F ϭ 11.4; df ϭ 1, 6; P Ͻ 0.001) and mass-speciÞc metabolic rate ( Fig.  7 ; F ϭ 11.4; df ϭ 1, 6; P Ͻ 0.001). Storage duration had no effect on either absolute ( Fig. 6; Table 2 ) or massspeciÞc metabolic rates (both duration groups are pooled in Fig. 7 ). Pc varied with body mass, but not storage duration ( Fig. 8 ; effect of mass: F ϭ 14.63; df ϭ 1, 9; P ϭ 0.007). Regressing Pc on body mass yielded a signiÞcant quadratic relationship ( Fig. 8 ; F ϭ 8.01; df ϭ 2, 9; P ϭ 0.016). Despite the correlation of mass with Pc, sex had no effect on Pc (F ϭ 5.02; df ϭ 1, 9; P ϭ 0.055).
Discussion
Although further reÞnement of FTR protocols is needed, our results suggest that extended storage of M. rotundata prepupae may well be within the reach of commercial scale propagation systems. Using indices of metabolism and respiratory capacity, we found no overall effect of increased storage duration of up to 19 mo on adult bee physiology. Body mass also did not signiÞcantly differ, supporting the idea that quality of emergent bees was not compromised when prepupal M. rotundata were maintained for an extended period F-ratios, df, and P values of repeated measures ANOVA using activity (rest or ßight) as the within-subjects factor and storage duration as the between-subjects factor.
Fig. 2.
Raw CO 2 emission data from resting and ßight trials. Note the cyclic gas exchange of resting bees (min 0Ð20). Flight increases CO 2 emission (min 25Ð35).
at low temperatures. This exciting Þnding suggests that commercial managers and bee producers can viably store prepupal bees for an additional year under ES conditions described herein without deleterious effects in metabolic capacity.
We used tethered ßight metabolic rate as an index of metabolism during true ßight. Tethered ßight has been criticized as a method of extrapolating to natural ßight behaviors and physiology, because bees do not have to generate lift during tethered ßight. However, the relationship between load and ßight metabolic rate remains unclear (Feuerbacher et al. 2003 , Woods et al. 2005 . We used published scaling relationships of ßight metabolism to calculate predicted ßight metabolic rates for the bees in this study. Compared with two published studies on the mass-scaling of ßight metabolism of Euglossine bees, our measurements were either 14-fold lower (Casey et al. 1985) or nearly fourfold higher than predicted (Dudley 1995) . The smallest Euglossine bee measured was double the mass of our bees, and small ßying insects have been shown to have different scaling relationships compared with larger insects (Niven and Scharlemann 2005) . In addition, metabolic rates during tethered ßight can be 20 Ð50% less than those measured during free ßight (Heinrich and Bartholomew 1971 , Casey et al. 1985 , Niven and Scharlemann 2005 . Correcting for those potential effects explains the differences between our measured metabolic rates and those predicted from available literature. While tethered ßight performance may not be the ideal way to measure ßight metabolism for studies of energetics and biomechanics, it has been successfully used as a quality control marker for artiÞcially reared honey bees (Brodschneider et al. 2009 ). Together, this evidence strengthens the argument that tethered ßight metabolic rate is a useful index of ßight metabolism in these bees.
Metabolic rates scaled positively with body mass for both rest (scaling coefÞcient of 1.16) and ßight (scaling coefÞcient 0.92). Previous research on the scaling relationship for ßight metabolic rate showed that ßight metabolism has a higher scaling coefÞcient (0.87) than resting metabolism (0.69; Niven and Scharlemann 2005) . Flight metabolism in many taxa scales with body mass Ͼ0.75 (Harrison and Roberts 2000) . IntraspeciÞc mass-scaling of resting metabolic rate is more variable and often above one compared with interspeciÞc scaling relationships (Glazier 2005) . However, this is typically thought to be because of energetics associated with growth and development, and in this study, the insects were all adults. In addition, our body mass range was small, perhaps contributing to the higher than expected scaling coefÞcient for resting metabolism (White and Seymour 2005) .
In this study, Pc was 4 kPa, a reasonable value for resting insects (Hoback and Stanley 2001 , Greenlee and Harrison 2004 , Harrison et al. 2006 . Resting insects are typically more tolerant of hypoxia than active insects, because of the increased oxygen demands with activity (Harrison and Roberts 2000) . Interestingly, we found a signiÞcant, negative correlation of Pc and body size (Fig. 8) . This is in contrast to studies that . Raw data from one critical PO 2 trial. The black line is CO 2 emission, the blue line indicates O 2 %, and the green line represents activity in the chamber. The bee remains still until oxygen decreases to 3%, at which point the activity increases, presumably from respiratory activity or escape behavior. have found no relationship between body size and Pc in insects across species (Greenlee et al. 2007 , Lease et al. 2012 . IntraspeciÞcally, the relationship between Pc and body size varies. In one study with developing grasshoppers, Pc decreased with body size (Greenlee and Harrison 2004) , presumably because of the development of tracheal structures or compensatory ventilatory mechanisms (Hartung et al. 2004 , Kirkton et al. 2005 ). The same grasshoppers had increased Pc with size and age during jumping (Kirkton et al. 2005) , and developing caterpillars had similar Pc values with body sizes across orders of magnitude (Greenlee and Harrison 2005) . While our study is intraspeciÞc, it is not ontogenetic. It would be interesting to know how Pc varies throughout development in this cavity nesting bee. Another difference between our study and the others mentioned above is the small range of body sizes. Perhaps if we looked across several species of bees with masses ranging over orders of magnitude, we would Þnd no correlation between body size and Pc. These data highlight the need for a better understanding of the relationship between hypoxia tolerance and body size.
Clearly, these bees are hypoxia tolerant. However, because the animals were enclosed in the activity detector during these measurements, their behavior was not observed. Therefore, for M. rotundata, the mechanism of hypoxia tolerance is unclear. If they behave similarly to other insects, we would expect to see increases in abdominal pumping in response to hypoxia (Harrison et al. 2006) . We know that there were increases in activity around the Pc (Fig. 5) , but because the bees were unrestrained, it is impossible to know if the increased activity was because of locomotor activity or abdominal pumping. Why was there no effect of extended storage on adult bee physiology? First, the FTR likely yields a protective effect on bee development. A companion study also found no differences in adult longevity between bees stored normally and those stored for an extended duration (Rinehart et al., this issue) . Together these data show that extended storage does not affect adult ßight physiology or respiratory capacity. These Þndings could offer opportunities for expanded use of M. rotundata as an alternative pollinator.
While used extensively as a pollinator for alfalfa seed production and hybrid canola pollination in the PaciÞc northwestern United States and western Canada, signiÞcant impediments against more widespread acceptance of M. rotundata exist. Wide yearly price ßuctuations, driven by variations in both supply and demand, have made this alternative pollinator unattractive to many potential end users (Mueller 2008) . Early blooming crops, such as the lowbush blueberry (Argall et al. 1996) , onion seed production (Voss et al. 2009 ), and carrot seed production (Tepedino 1997) require pollination well before M. rotundata normally emerges. Glasshouse environments require pollination year-round, which is also contrary to the normal life cycle of this species (PittsÐSinger and Cane 2011). Using FTR to extend M. rotundata storage could signiÞcantly ameliorate these issues and directly impact the expanded acceptance of this species as a pollinator.
